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2 Preface 

Chapter 1 Preface 

Coordinate measuring machines are due to their well construction and high technology 
able to do high accuracy measurements. The products that are measured on these 
machines are also designed and manufactured with the utmost precision. To create 
(international-) standards, measure or analyze products the coordinate measuring machine 
can he used to give a detailed analyzes. To do so the probe ofthe coordinate measuring 
machine will move around the product and touch the surface where information needs to 
he retrieved. In between these two precision products a fixture system will stand to keep 
the product in place and give an optimal support. 
The problem that raised at the National Measurement Institute of Australia is that the 
fixture system used for length bars introduced errors on its length measurements. This 
report has been written in the order to identify the problem and find a way of fixing the 
length bar on its exact position without causing any significant deformations. 
In this report the present fixture systems will he analyzed and a new design is made for 
the utmost precise product to he measured on the coordinate measure machine, the length 
bar. 
To predict the forces that are acting on the product a research is done with the help of 
existing literature, an experiment to analyze the movements ofthe worktabie and 
technica! information from Brown & Sharpe. It will he seen that the forces acting on the 
product are all in the same order of magnitude and that prohing forces are bigger than 
initially was expected. 
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List of symbols 

m : Mass ofthe length bar 
a : Acceleration or deceleration of the length bar 
Fs : Spring force 
R : 11+h, distance between stylus and supporting points 
Lst : Stylus length (to the plane of support) 
8pr : Probe contact angle 
Fpr (8pr): Probe force depending on angle 8pr 
Fmax : Maximum probe force 
Fe : Collision force 
't : Collision time 
Vcol : Collision velocity 
Illetr : Effective colliding mass 
E12 :Young's moduli from respectively probe, length bar 
E.. : Reduced Young's modulus ofthe length bar and stylus tip 
D 1,2 : Poisson's constant from respectively probe, length bar 
Rtip : Radius of the stylus tip 
L : Length of the length bar 
aL : Coefficient of thermal extension 
!1T : Temperature difference over length L 
!1L : Length difference 

Aetr : Effective clamp surface 
Lo : Original length at time is zero 
Fe : Clamp force with elastic deformation 
m : Mass 
p : mass density 
r : Diameter of length bar 
V : Volume oflength bar 
~ : Angle ofV-block 
Cn : Stiffness V -block perpendicular to contact surface 
Fn : Clamp force acting perpendicular to contact surface 
Fp : Clamp force acting in Z direction 
Ön : Deflection of V -block perpendicular to contact surface 
Öp : Deflection of V -block in Z direction 
FN : Force perpendicular to the contact area 
fs : Static frictional coefficient between the clamp and length bar 
F s : Friction force 
Fgravity :Force due to gravity 
crr : Tension in radial direction ofthe ring 
cr1 : Tension in tangential direction ofthe ring 
Ri : Inside diameter of the ring 
tring : Wall thickness ofthe ring 
w0 : Width of the tensionless clamp ring 
D : Diameter of the length bar 
q> : Rotation around x-axis 

List o(symbols 

[kg] 
[mlsz] 
[N] 
[m] 
[m] 
[0] 

[N] 
[N] 
[N] 
[s] 
[mis] 
[kg] 
[Nimz] 
[Nimz] 
[-] 
[m] 
[m] 
[oe -I] 
[OC] 
[ml 
[m~] 
[m] 
[N] 
[m] 
[kglm3

] 

[ml 
[mj] 
[0] 
[N/m] 
[N] 
[N] 
[m] 
[m] 
[N] 
[-] 
[N] 
[N] 
[Nimz] 
[Nimz] 
[m] 
[m] 
[m] 
[m] 
[0] 
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Cz 

Cx 

kiJf 
M 

: Rotation around y-axis 
: Diameter of hole in the hinge 
: Stiffness in z-direction 
: Stiffness in x-direction 
: Rotational stiffness in 'I' 
: Momenturn 

List o(symbols 

[0] 
[m] 
[N/m] 
[N/m] 
[Nm/rad] 
[Nm] 
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Chapter 3 Problem analysis 

ldentification of the forces acting on the workpiece 
Forsome measurements on a coordinate measurement machine, (CMM) an accuracy of 
0.1 1-1-m must be accomplished. This level of accuracy is on the edge ofpossibilities for 
most of the hard prohing measurements. To be able to reach these high accuracy 
demands, the errors must be well controlled and kept as small as possible. One of the 
errors that appear is the mounting error. The workpiece that is measured is hold in place 
by a product holder and is exposed to several forces. For these accurate measmements, 
fixture errors have to be well under 0.1 1-lffi. 
Before making a start with the design of a fixture system that will fulfil these high 
accuracy demands an overview has been made of all the aspects that may influence the 
fixture accuracy for the CMM in generaL In chapter 4 the magnitude of these aspects will 
be calculated for the CMM as used at the National Measurement Laboratory, (NML). The 
workpiece that will be considered in this report is the length bar but is for this chapter 
replaceable by any product 

§3.1 Inertiaforce 

When a CMM has a moving worktable, like a CMM with a fixed-bridge construction, 
inertia forces on the workpiece will occur. The inertia forces due to accelerating and 
decelerating of the worktabie can be calculated with the following equation: 

F; =m·a (1) 

With 'm' the mass ofthe workpiece and 'a' the acceleration or deceleration. Because the 
course ofthe displacement is depending on the abilities and control techniques ofthe 
CMM, this factor must be determined for each situation separately. 
The length measuring procedure consists of a number of different phases with each its 
matching displacement and velocity. Therefore the whole procedure must be analyzed to 
find out when the maximum accelerations will occur. 
The mass of the clamped length bar depends in this case on the length that needs to be 
measured and the longest bar will naturally give the biggest reaction force. 

§3.2 Prohingfarces 

§3.2.1 Trigger force 

The trigger force ofthe probeisoften installed between 0.1 and 0.5 N. When the trigger 
force is reached a signa} will be send to the controller that the probe must stop and retract. 
Unfortunately the size of the probe force that is applied to the workpiece depends not 
only on the chosen trigger value. An effect that influences the probe force is the extra 
deflection of the probe that will occur after the trigger force has been reached. As soon as 
the signa} has been send that the trigger force has been reached, a certain time will be 
needed to stop. This movement will cause an extra deflection within the probe system 
that results in a higher probe force. The magnitude ofthis effect strongly depends on the 
deceleration that is used and the prohing velocity. 
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§3.2.2 Velocity depending probe error 

The probe velocity is also a factor that influences the probe accuracy. When this velocity 
is high only a short time will be needed to travel between contacting the surface and 
triggering the probe (known as the pretravel). The exposure time ofthe probe force to the 
workpiece will in this case be very short in contradiction to movements with a low 

Fig.J.a: Deflection ofthe supporting 
structure under the probeforce, {source:J] 
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Fig.l.b: The deflection ofthe supporting post (fig.J.a) as 
a function of time for three different probe approach 
speeds, [source: Ij 

velocity. The inertia force of the workpiece will work against this probe force and its 
magnitude depends on the exposure time. This is why the measurement error with 
wrongly clamped or significant deflecting fixtures is able to grow larger for lower 
prohing velocities. 
In figure l.b the deflection ofthe support from figure l.a is shown fora probe approach 
speed of 1, 2 and 3 mm/s. At time is zero the probe triggers and coordinates are recorded 
for this probe system. The error caused by the deflection of the support is clearly 
increasing for decreasing approach velocities. [1], [2] 

§3.2.3 Direction dependingprobeforce 

Different kinds of probe systems exist and each of those systems have their own 
characteristic errors. A well-known problem with switching probe systems is that the 
probe force varies with the direction of probing. This effect may cause that different 
probe forces act on the workpiece than initially was thought by giving in a certain trigger 
force. The probe force of a probe mechanism with three-fold-symmetry in the internal 
geometry (Fig.2) has this problem. 
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-+· . 

...... 
Fig. 2.b: Probe force components 
depending on contact angle e, [source: 3] 

The probe will always rotate around the line created by two contact points. The problem 
now exists that there are only three contact points and therefore only three lines to rotate 
around. From 0 up to 60 degrees the probe will rotate around one line. But when this 
angle grows bigger then 60 degrees it will rotate around the line created by two other 
points. Within this range of 60 degrees the function descrihing the trigger force 
depending on contact angle e pr can be described as follows: 

In which; 
Fs : Spring force, [N] 
R : l1+h, [m] 
Lst : Stylus length (to the plane of support), [m] 

The maximum trigger force that will be reached, (at 60°) has the magnitude of: 
2·F ·R 

F = s 
max 3 .L 

[4], [5], [6] 

§3.2.4 Probe collisionforce 

(2) 

(3) 

By prohing a workpiece with a certain velocity a collision will occur when contact is 
made between probe and the length bar. The velocity of the probe mass will change 
directions resulting in a high contact force. Next to shifting the workpiece also damage to 
the contact surface might occur. The size ofthis force can be calculated with the 
following equations: 
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,. 
f Fe · dt = 2 · V · m elf (4) 
0 

Fe : Collision force, [N] 
't : Collision time, [ s] 
Veol : Collision velocity, [m/s] 
t :Time, [s] 

(

25 ·a 2 ·m 
2 ]Ys 

1: = 2.94 · elf ; 
16. vco/ 

a= ( ~ JX' 
16·E ·Rtip 

(5) 

1 {1 - V 2 \ {1 - V 2 
\ 

-=L3_1+~ 
E* E

1 
E2 

E* : Reduced Young's modulus ofthe length bar and stylus tip, [N/m] 
E1,2 : Young's moduli from respectively probe, length bar, [N/m] 
u 1,2 : Poisson's constant from respectively probe, length bar,[-] 
Rtip : Radius ofthe stylus tip, [m] 
llletr : Effective colliding mass, [kg] 
Integrating equation ( 4) gives: 

2·m ·V 
F = elf 

c (6) 

By using equation (5) for the collisiontime 't, the collisionforce Fe can be calculated. The 
colliding mass 'm' depends on the probe system and has to be estimated separately for 
each probe system. An additional remark must be made about the short durance ofthis 
collision force. Because of the short collision time the inertia of the workpiece will be of 
great influence. The forces that arise because ofthe collision will therefore not work 
directly on the clamps but are depending on the exposure time and length bar's mass. [5], 
[7], [14] 

§3. 3 Temperafure effects 

Due to temperature effects the length bar and fixture system will change sizes. If the 
workpiece and clamp system do not change size equally this will result in a change of 
clamp force. In the situation of the length bar, special attention is given to this effect in its 
longitudinal direction. Chapter 4 and 5 will give more information about this subject but 
first temperature effects in general will be discussed shortly. 
The equation descrihing the temperature effect for length L is: 

(7) 
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Here is 'aL' the coefficient ofthermal extension, '~T' the temperature difference and 
'LU.' the length difference. 
The equation descrihing the force by a given elastic deformation is: 

E. Aeff 
F = M · -----=-

e L 
0 

(8) 

Here is 'Aerr' the effective clamp surface, Lothe undeformed lengthand 'E' the Young's 
modulus of the deflecting materiaL 
When the clamp system with an infinite stiffness won't permit length changes ofthe 
workpiece in the clamp direction, a force Fe will be needed for theelastic deformation of 
the bar. Substituting equation (7) in equation (8) gives the following relationship between 
clamp force and temperature difference: 

F =a ·dT·E·A e L (9) 

Of course the situation where the clamp system has infinite stiffness does not exist. If the 
clamp would be completely rigid it would mean that only the workpiece is forced to 
deform and this must be prevented from happening. The optima! situation would be to let 
the damp system change geometry in the same size and direction as the workpiece. In 
this way no forced deformation of the workpiece happens and ideally the applied clamp 
forces will keep their magnitude as initially was applied. 

§3.4 Clamp force 

The workpiece that is to be measured will be exposed to several forces as described in 
preceding paragraphs. To keep the length bar in place during these applied forces the bar 
must be clamped with a certain force when fixing is based on friction. Another way to 
keep the product in place is to fix the length bar by geometry. This means that no friction 
force is used but the rotations and translations (the degrees of freedom) are suppressed by 
a system with contact points on exact the same position as the workpiece. In theory this 
would mean that no clamp forces are needed. 
For clamp systems that are not based on this principle, a force is applied between the 
clamp and the length bar and position is maintained by friction. Unfortunately the 
problem with friction is that the friction coefficient between the two surfaces is difficult 
to predict and easily effected. Therefore the magnitude of the damp force is often greatly 
exaggerated just to make sure the length bar will not shift. The clamp force will cause 
elastic deformations of the length bar that results in a measurement error. It is therefore 
important to have control over the clamp forces. The clamps must be placed there where 
little effect on the workpiece occurs and its effect is known. 
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Chapter 4 Specifications for the Leitz pmm 866 CMM 

From the overview of acting farces on a workpiece, as described in preceding chapter, 
some can he specified for the 'Leitz pmm 866' coordinate measuring machine. This is the 
CMM that is used at the National Measurement Laboratory, Australia. Among others, 
length bars are measured on this machine. The length bar is cylindrical shaped and has a 
diameter of 0.022 m, ( 7/8 inch) for alllengths. The varietyin Iengths mostly used at the 
N ational Measurement Labaratory runs from 1 00 to 600 mm in steps of 1 00 mm. This 
chapter is specified for the length bars because the measurements done on this product 
are done with maximum accuracy of the CMM. Furthermore, this product is of great 
importance because with the use oflength bars the abilities ofthe CMM are measured 
and calibrations for international standards are done. This means that the errors on these 
measurements have far going consequences. 

§4.1 Inertia force 

The Leitz pmm 866 CMM has a fixed bridge construction and therefore one movement 
(X-direction) is realized by rnaving the granite worktable. No information about the 
course ofthe displacement is on hand and therefore an experiment must he set up. With 
an experiment the biggest acceleration during the measurement procedure must he found. 
In Appendix A.I an experiment is described to analyze the length measuring procedure 
and to determine the accelerations and decelerations. In this experiment the following 
results have been found: 
• The highest acceleration of approximately 80 mm/s2is reached every time the 

worktabie has enough time to accelerate independent of the velocity that is used. 
• The highest inertia farceshowever occurs when deceleration from high velocities. 

The highest velocity duringa measurement is the free movement velocity of 50 mm/s. 
In this situation the deceleration exceeds 300 mrnls2

• 

The mass of the length bar is depending on the length that is measured. The bar lengths 
that are commonly used at the NML vary between 100 and 600 mm. The mass of a 300 
mm steellength bar is 907 grams. There is nat a standard material used for length bars all 
over the world but in this case the bar of 300 mm is used as a standard. The following 
mass density will he used: 

m m 
p---

- V- tr · r 2 • L 

(10) 



13 Specifications for the Leitz pmm 866 CMM 

Table I. gives the inertia forces for several used length bars. 

Bar length Inertia force accelerating, 80 mmlsL 
mm N 
100 0.024 
200 0.048 
300 0.073 
400 0.097 
500 0.121 
600 0.154 

§4.2 Prohingfarces 

§4. 2.1 The trigger farces 

Inertia force decelemting, 300 mmlsL 
N 

0.091 
0.181 
0.272 
0.363 
0.454 
0.544 

Table I: inertia farces for several 
length bars 

The prohing system used on the Leitz pmm 866 CMM is a small measuring machine 
itself. The movement of the probe is perpendicular to its contact area and these are 
measured electromagnetically with high resolution. The design ofthis probe system is 
shown in appendix A.III.I 
By using the bending rod in the combination with the helical springs as shown in 
Appendix A.III.II a unique force-displacement relationship exists. This correlation is 
shown in appendix A.III.III; figure 17. Within the measuring range the displacement can 
get up to 25 J..lm. The "free movement" can get up to 3 mm where the force rises only 
slightly. 
This correlation between the probe displacement and the necessary force tells us 
something about the effect of the extra probe deflection after triggering, as described in 
§3.2.1. The force, that is caused by this extra deflection after the trigger force has been 
reached, seems to depend on the used trigger value. As can he estimated from Appendix 
A.III.III, figure 17 the highest trigger force that can he reached is approximately 0.63 N. 
After this point the prohing force will increase less steep. When a trigger force of 
approximately 0.6 Nis used, the extra travel distance will only introduce a small 
increasing in probe force. This small force is created by the spherical springs that start to 
deflect. When a trigger force smaller than this 0.6 N is used the extra travel distance will 
move along the steep force-displacement line and this will result in an substantial 
increasing of the prohing force. 
To determine how big this effect is for the CMM from the NML the extra travel distance 
must be defined. In Appendix A.I an experiment is described to retrieve the accelerations 
and decelerations during a length measurement. In this experiment not only the 
acceleration I deceleration is measured but also the velocity and the displacement is 
known. Nevertheless it is unknown when the probe trigger value is reached and when the 
extra deflection starts. One way to approach this problem is to look at the velocity or 
deceleration in time. At the moment the trigger signal has been given the table will 
directly start slowing down until it has completely stopped. By finding the moment of 
decelerating and looking at the travel distance after this moment the extra travel can be 
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estimated. Unfortunately the decelerations and travel distances are too smalland too 
gradually to have a clear distinction between the time before and after the trigger signal 
has been given. For a better estimation a very high measuring frequency would perhaps 
give some more clarity. Nevertheless an estimation ofthis effect can still be made. As 
shown in Appendix A.III.III; tigure 17, it can be seen that the steep part, where the force 
rises very fast, only lasts for 25 Jlm. After this the force rises less steep. From Appendix 
A.III.III; tigure 18, another prohing movement has been analyzed by Leitz. In this tigure 
it can be seen that the breaking period takes about 200 Jlm and this is far more than the 
displacement within the steep force-displacement area. This would mean that even 
though the smallest trigger force would be used, the acting probe force on the workpiece 
will always exceed the maximum trigger force of0.63 N. How fast the probe force will 
rise after this point is not retrievable from tigure 13 and not more information is available 
at this moment. [8] 

§4.2.2 Velocity depending probe error 

This type of error, as discussed in the preceding chapter, is not depending on the probe 
system or the type of CMM. These measurement errors are caused by deflections, which 
depend on the exposure time of the probe force. The error is therefore depending on the 
rigidity ofthe fixture design and the product. For the case of the length bar it's deflection 
can be neglected. 

§4. 2. 3 Direction depending probe force 

In the probe system that is used the prohing forces are realized by three spring 
parallelograms (Appendix A.III.II; tigure 14). In this way the problem of direction 
depending probe forces that exists with the switch probe systems are overcome. However 
another problem arises that involves the different moving masses in the probe system. 
Each moving direction uses another parallelogram and therefore another mass is 
involved. This effect will be taken into account in the next paragraph. 

§4.2.4 Probe collisionforce 

The default probe velocity for accurate measuring at the NML is 0.3 mmls. The mass that 
is involved with the callision is direction depending because of the realization of the 
degrees of freedom. This is done by the orthogonal placed parallelograms that are 
mounted above each other. The higher the position ofthe parallelogram the bigger the 
mass gets that is involved with the collision. For this prohing system it means that by 
prohing in Z-direction the biggest mass is involved. 
An estimation for the magnitude of the callision force can be made by using the formulas 
( 5) and ( 6) and using the parameters for the Leitz pmm 866 CMM. 

2. m eff • v co/ 
F =--='---

c r 

and 

(6) 
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(
25·a

2 
·m

2 JYs 
T = 2.94· ; 

16·v 

( 
9 )x 

a= 16·E·2 ·R (5) 

1 {1 - V 2 \ {1 - V 2 \ 
-=~+~ 
E. EI E2 

E1 36.6*1010 [N/m2
], Young's modulus from probe tip, ruby (Ah03) 

E2 20.9*1010 [N/m2
], Young's modulus from length bar (Steell% C) 

u 1 0.22, Poisson's constant probe tip,[-] 
u2 : 0.29, Poisson's constant length bar,[-] 
Rtip : 5 [mm], Radius ofthe probe tip 

The colliding mass that consists of the probe stylus and the moving parts of the probe 
system is not exactly known because most parts are inside the probe head. The extemal 
parts consist of a stylus and a mounted frame with side mirrors. These mirrors are 
attached to make it possible to take laser readings during the measurement. The total 
mass of the extemal parts is 200 grams. Because not the whole effective colliding mass is 
known a tigure has been made. Here the colliding mass varies from 0 up to 500 grams. 
By filling in the constants and combining formula (4) and (5) the following tigure 3 
exists. 

colllslon force as a tunetion of mass 

0 .45 

0 .4 

0 .35 

0.3 

~ i 0 .25 

0o 0.05 0.1 0 ,15 0 .2 0.25 0.3 0.35 0.4 0.45 0 .5 
mass[kg] 

Fig.3: corre/ation between collisionforce and 
colliding mass 
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§4.3 Temperafure effects 

The temperature effects that may cause forces to act on the workpiece are independent of 
the probe system and indirectly depending on the CMM. Each CMM in combination with 
the laboratory, have their own specific temperature gradients but this subject is too 
specific to go in further detail. The forces caused by suppressing thermal expansion 
strongly depend on the damp mechanism and the workpiece. Of primary importance is 
the longitudinal direction for the length bar since this is where it is used for. The length 
bar will therefore be hold in it's position but will befree to expand in longitudinal 
direction. Chapter 5 will show a few designs to realize this tensionless expansion. 
Second order mistakes occur when expansion in radial direction is suppressed and the bar 
will be elastically deformed. The magnitude of this second order mistake can not yet be 
calculated since the way of damping is not known yet. In §5.3.2 asecondorder effect 
due to the radial damping force is calculated. The same calculation could be done for 
temperature expansions. 

§4.4 Recapitulation 

In this chapter the forces that act on the workpiece are defined for measurements done 
with a pmm 866 CMM. The forces that are due to prohing are divided in the 'trigger 
force', 'velocity depending probe force', 'direction depending probe force' and the 
'collision forces'. The velocity- and direction depending forces are not ofimportance for 
this CMM. The effects of the breaking distance as written in §4.2.1 seem to be important 
because due to this extra travel the probe force keeps on rising. This travel distance 
causes an extra deflection of the bending rod and this is large enough to raise the probe 
force to at least 0.63 N. This probe force will be reached even when using the smallest 
trigger value. 
The collision force for the used probe system is because of its high mass of sizable 
magnitude, approximately between 0.3 and 0.5 N. A final remark is placed about the 
direction of the acting forces. The length bars longitudinal axis is positioned in the 
moving (X-) direction of the worktabie to enable laser readings during the measurements. 
Therefore all forces, except for the damping force, are orientated in the longitudinal 
direction of the length bar. 
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Chapter5 Design for a clamp-fixture-system 
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I 

Design fora clamp-(qture-system 

In this chapter the fixtures for the length bars will be considered. This product is chosen 
because with the present used fixture design errors are observed at the NML. These errors 
are caused by shiftings of the length bar on its support. The measurements done on this 
product are done with the CMM' s maximum accuracy and damping errors in this order 
of magnitude must be excluded. 

§5. 1 System demands 

The clamp-fixture-system for length bars on the CMM used at the NML needs to fulfil 
the following demands: "The length bar must keep its exact location in longitudinal 
direction during measurements after beingfzxed on the worktable. Furthermore the 
length bar must deform as Zittie as possible with errors that effect the position of the 
length bar in longitudinal direction significantly smaller than 0. 1 p.m. The fixture must be 
easy to handle and enable quick exchanges of length bars". 
With this demand the present fixture designs will be analyzed on their functioning and a 
new design will be made. 

§5. 2 Construction principles 

Before the present fixture designs can be analyzed and a new design can be made it must 
be known how to design a good fixture-system. Several aspects of constructing will be 
discussed briefly. At first the degrees of freedom will be discussed. 

z 

'Jf;t e 

~x 
(.._____ ___ ~() Figure 4: representation of 

the degrees offreedom 

In figure 4, three translations and three rotations are shown. For the fixture-system all the 
degrees offreerlom need to be eliminated since we don't want a moving object while 
measuring. Suppressing movements or rotations can be done merely with elements 
having finite stiffuess, which changes 'eliminating' movements and rotations in 
determining the maximum error that is permitted. Now the question is how to suppress 
these degrees of freedom? First of all a degree of freedom must only be suppressed once. 
When a degree of freedom is suppressed more than once, it's position is over-constrained 
and the bar or fixture system needs to deform to achieve it's prescribed position. This 
effect must be prevented from happening because a deformed length bar introduces errors 
in it's length measurement. Furthermore it is important to suppress a degree of freedom 
there where maximum stiffuess can be gained. For instance, more stiffuess can be gained, 
to suppress the rotation '<p', by supporting the bar at both ends instead of suppressing this 
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rotation at one point. By using the bar's length a bigger moment is created to suppress 
the rotation. 

Furthermore it can he said that the rigidity in longitudinal direction is the most important 
since this is the direction that will primarily determine the bar's length. The rotations q> 
and \jf will introduce second order errors in the length measurement and the other degrees 
offreedom won't directly effect the longitudinal position. 

Furthermore there is another aspect that will he of importance for the fixture system, 
temperature effects. The length bar must he able to increase or decrease it's length due to 
temperature differences. When suppressing the degrees of freedom it must he considered 
that this length change must not he suppressed. 
Two other aspects that will he discussed further on in this chapter are the abilities to align 
the bar and the way of attaching the fixture-system on the worktable. Now the current 
fixture-systems will he evaluate. [9] 

§5. 3 The present used fixture design 

At present day two fixture designs are used at NML to fix the length bar on the worktabie 
ofthe CMM. The two designs, sketched in Appendix IV, are adjustable in length by 
sliding the supporting parts over a rail with a maximumlengthof approximately 200 mm 
respectively 600 mm. The fixture system with a rail of 600 mm is used for the length bars 
longer than 300 mm to make it possible to support the bar on its Airy points. 
• The fixture design shown in Appendix IV, figure 20, has two identical suworting 

parts with a V -groove. In this groove two cylinders are mounted under 120 degrees. 
No clamp force is used to keep the length bar in place. 

• The fixture design in Appendix IV, figure 21, has one support with steel wheels and 
on the other side a support with a clamp. The clamp consists of a U-shaped socket 
with two spherical shaped supports on the bottom. On top of the U-groove a steel 
beam is placed to press the length bar on its supports. 

The degrees of freedom suppressed by the first design are the rota ti ons q>, \jf and the 
translations in y and negative z direction (as shown in coordinate system of figure 4). The 
other two degrees of freedom are suppressed by the friction that exist between the length 
bar and its supports. 
The V -block support used in this fixture consists of two cylinders positioned under angle 
~' figure 5. This angle is approximately 60 degrees for both the supports and therefore the 
stiffnesses in Y,Z direction are not the same. 
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Figure 5: length bar in contact 
with support under angle f3 

The stitfuess ofthe support as a function of~ is given in equation 11: 

Cn : stiffness V -block perpendicular to contact surface, [N/m] 
Fn :force acting perpendicular to contact surface, [N] 
Fp : force acting in Z direction, [N] 
Ön : deflection perpendicular to contact surface, [ m] 
Öp: deflection in Z direction, [m] 

(11) 

The stitfuess of the support changes rapidly with cos ~ 2• The optimal angle ~ for this 
situation would he 45 degrees so the stiffness in both directions is the same just like the 
force that acts on it. The required stitfuess in the direction Y and Z doesn't have to he 
high because the only force that acts in this planeis the static clamp force. The clamp 
force will he very small and therefore no significant deflection is expected. [9] 

The problem that raised with this design is that the length bar shifted on its supports when 
probing. The friction force seems to he too small to keep the bar in place when only 
gravity works on the supports. Therefore the operators wrap rubber bands around the bar 
and the clamp. To makesure enough clamp force has been realized, the fixture rigidity is 
checked by prohing the bar and analyze the results. 
This way of fixing the workpiece is of course totally unsatisfactory. The operator is trying 
to improve the bad functioning fixture with some tools but this results in a complex, 
lengthy operation where the accomplished rigidity needs to he checked every time again. 
Furthermore the risk with this way of damping is that the rubber bands may permit 
elastic deformation. Every time the length bar is probed it will shift and then come back 
to its stabie position (see also figure la). This effect makes the length barshorter than it 
really is and this error is impossible to detect by doing some test probing. Knowing this it 
becomes clear that this way of fixing the length bar is totally unacceptable. 

The second design, shown in figure 17, has two adjustable supports that consists of two 
steel wheels on one side and a socket with a steel beam on top on the other. Inside the 
socket there are two spherical shaped contact points. By placing a steal beam on top of 



20 Design for a clamp-(zxture-system 

the socket, the length bar is pressed against these contact points. The pressure force is 
realized by adjusting the two bolds on top. 
Looking at the fixture without the steel beam on top, the degrees of freedom are 
suppressed in the similar way as fixture 1. However there is one difference since the steel 
wheels permit translations in longitudinal direction (due to temperature effects). 
Therefore the steel beam on top ofthe socket needs to realize sufficient friction force to 
keep the length bar in place. The problem that exists by damping the bar by the rigid 
steel beam is that the fixture gets over-constrained in its position and the clamp force is 
unknown. The only demand for the clamp in this design is to realize a clamp force and 
none of the degrees of freedom need to he suppressed since this is already realized by the 
other components. This fixture-system can he improved by replacing the steel beam on 
top of the socket with an element that is flexible in all directions and is able to create a 
controllable pressure force. Extra attention needs to be paid to position this pressure force 
right above the supporting points. 
Furthermore the same remarks as mentioned above are valid for the angle between the 
supporting points in this design. These are about 120 degrees instead of 90 degrees what 
wou1d give equal stiffness in both directions. 

For both of the fixture designs, the contact surfaces between fixture and length bar are 
kept very small. The contact surface in the frrst design is based on contact between two 
crossed cylinders with different diameters. In the second design there are two spherical 
shaped contact points and two steel wheels. The contact area between the bar and the 
spherical pointscan be analyzed as a sphere in contact with a cylinder. On the other side 
two steel wheels are in contact with the bar, which can be analyzed as two crossed 
cylinders with different diameters. All these contact surfaces are very small due to their 
round geometries and small diameters. The contact points are basically used to avoid 
over-constrained fixing but this has a negative effect on the fixture rigidity. To achieve 
high fixture rigidity a large contact area is needed. Furthermore the tension in the bar will 
be higher when the clamp force is placed on a small contact area. The bigger the contact 
area, the lower the tension in the bar and the smaller the deformation. 
Another thing that can be said about both of the two fixtures is the influence of the 
attachment of the supports to the rail, appendix IV. The supports are for both very rigid 
but because the supports are clamped on the rail by hand-tightened bolds, this rigidity 
will he of much more influence. The stiffness for these designs is therefore limited by the 
stiffness ofthe bold clamping. 

§5. 3 New future design 

The length bar is orientated along the moving direction ofthe worktabie (X-axis) ofthe 
CMM at NML. This is done to enable laser measurements during the CMM 
measurements. After the length bar has been clamped and aligned the only other forces 
that will act on the length bar are in the X-direction. For the existing designs exactly this 
direction has the least rigidity of all directions. The X-direction is also the direction 
where the fixture accuracy plays the most important role. 
With the known demand for the length bar fixture system and the background ofthe 
acting forces a new design will be made to optimize the fixture ofthe bar. 
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As described in §3.4 fixing ofthe workpiece can in theory be done in two ways. The first 
method is a fixture with contact points on every si de of the product and the second option 
is with the principle of friction. The problem that arises with the first way of fJXing the 
length bar is that the system must be in contact with all the sides. For accurate products 
like length bars it is necessary to prevent the precise surfaces from any kind of damage 
and the surface must be accessible for the measurement. With this demand, fixing by 
geometry is unadvisable. 

§5.3.1 Friction 

To fix the length bar in its axial direction, friction must be used on the cylinders round 
sides. The friction force that must be accomplished is known from chapter 4. lts 
magnitude must be at least of the same magnitude as the largest appearing force that acts 
on the length bar in axial direction. The friction force is given by the following equation: 

(12) 

Wh ere: 
FN: The force perpendicular to the contact area, [N]; 
fs: The static frictional coefficient between the clamp and length bar,[-] 

The coefficient of friction for a given pair of matenals is a quantity that depends on many 
factors, e.g. roughness, surface dimensions and configuration, and the state ofthe surface 
films. The surface of a length bar is unchangeable so only the pressure force and the 
material for the contact area of the clamp can be chosen. The force FN is the only 
adjustable factor so this value must be controllable. 
Because the friction coefficient is depending on many parameters it is too difficult to find 
the exact value. An estimation however can be made for the friction coefficient between 
the length bar and fixture design 1 since it is known that slip occurs. Here the pressure 
force on the supports is realized by gravity and a length bar of 300 mm was used. The 
mass of this bar is 907 grams and it is known from chapter 4 that the order of magnitude 
ofthe highest acting force is 0.65 N. The contact areas are positioned under an angle of 
120 degrees so the contact force becomes, 

FN = Fgravityf COS 30•:::::: 1.15 •Fgravity (13) 

When using formula 12 the value for Is becomes maximum 0.064. This value for the 
static friction coefficient is very low for steel on steel contact so the contact surfaces 
might be affected. 
It can be seen that the forces required to keep the length bar in place are very small. 
However, the conditions ofthe surface and therefore the friction coefficient are easily 
effected so extra attention must be given to the contact surface. {I 0] 

§5.3.2 Clamping 

The length bar needs to be clamped with a certain force to maintain its position during the 
measurement. It is known that the clamp force doesn't have to be very high to keep the 
length bar in place. Furthermore, to realize a hystereses-free clamp it is better to keep the 
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clamp surface small. In this way the length bar and the clamp make good contact under 
the high surface tension. The microslip that occurs in the contact surface because of the 
working forces on it, will in this way stay as small as possible. The maximum surface 
tension is of course limited by the tension when plastic deformation occurs. [9] 

§5.3.3 Designs ofthe completefuture system 

Now it is known that the length bar will be clamped with point-contacts, a design needs 
to be made how to use this component in the complete system. In the following paragraph 
a design will be proposed that will accurately hold the length bar in place and makes the 
length bar adjustable in its position. 
Rigidity in every direction is wanted but most important is the rigidity in axial direction. 
To not over-constrain the length bar, every degree of freedom needs to he suppressed 
only once. Further more it is also of importance where to suppress the degree of freedom 
to gain rigidity. In tigure 6 the coordinate systems show which direction has been left 
unsuppressed by each support. 

The clamp support 

'!"·~~~· 
q> ~",.Q 

I 

Figure 6: 3-Dim. drawing of new clamp future system. 
The veetors above represent the degrees offreedom offzxture part. 

The support with the clamp permits rotations in 'cp' and ''I'' but is rigid in the other 
directions. The clamp support must admit these rotations since these rotations are already 



23 Design (or a c/amp-(uture-system 

suppressed by placing the length bar in two V -blocks. Furthermore the two rotations need 
to he adjustable since the length bar needs to he aligned with a laser beam. This will he 
discussed in the following paragraphs. 
The elastic binges are realized by making slots in the blockin certain places. These 
elastic binges are easy to make by rnilling in the slot and drilling in the round holes at the 
end of the slot. The round holes are made to improve the tension distribution at the end of 
the slot and prevent it from cutting trough. Special attention has been given to the 
position ofthe elastic hinges. The axis ofrotation 'q>' is pointing true the middle ofthe 
length bar so the rotations require a minimum of friction force from the contact points 
with the Iength bar. The axis of rotation ''I'' is placed on equal height as the bottorn 
contact points ofthe length bar. The rotations ''I'' will now have the upper contact point 
that clamps the length bar, rotate around the bottorn contact points. In this way both 
rotations will not need the length bar to shift on its established contact points and thereby 
effect its stiffuess, see also tigure 9. 
The effects ofwidth 'h' and the diameter 'Dh' on the stiffness in several directionscan he 
seen in tigure 7. 

1.1 

l6 

1,5 

V• 

t3 

12 

1.1 

1,0 

fl,9 

' 

h~ 

0: 
-
0::.= 
h"' 

i.-

G.8 

OJ 
Cl, 

0.5 

OJ., 

.1 . 

~ 
~· 

I ·-- r- /~f 
- ._/. -· 

/ 
V 

- ... 
~ 

/ ... ~ - ".,.. / / 
v ..... .""... " ./ 

..... ~ ~. 

~ -
_1 

~ 12 
0 2.5.~ .,.,..",. , E· 

~V-~-~ ;...._ .. 
- -

d . Ç.1ZT '· 

/ qJh"Z;t.E-f-- ..... ~· 
/. I / ,, 

/, , ....... .:-:,. ~ ~-

o. 
;'/ ,..........~v ~/cz 

3 f 
~/ ........ ~.......... ......v . v-~7 . 

.1 'k.~ 

0.2 

0 

0 . 

_ _,._.... V 

h _,L i.-1-
_J i.- oh 

Figure 7: Stiffness-dimension 
characteristics for elastic hinges,{9] 
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With this figure the stiffness 'c' ofthe hinge can be chosen forthe different directions. 
The stiffness in z-direction, Cz, is less stiff then the stiffness in x-direction, Cx. In z
direction the hingeis exposed to shear and for the x-direction on tensile I pressure. In the 
case of the length bar, a high stiffness in axial direction is needed but two rotations need 
to be free. The ratio between the height 'h' and the diameter 'Dh' can be chosen from 
figure 7. The functions descrihing the stiffness in X-direction (tensile strength) is 
described with: 

(14) 

The stiffness in Z-direction (shear strength) is described by: 

{I ( D)-1 

ex =0.56·vn:·E·t· l.2+h 

The stiffness for the rotation ''I'' is described by: 

2 k'l' = 0.093 · · E · t · h 
h 

k =dM/ 
'I' I dlf/ 

(15) 

(16) 

With the demand of an accuracy better than 0.1 Jlm for an acting force of 1 N the ratio 
would become very small. This stiffness is easy to obtain for the hinge. The ratio will 
therefore be limited by choosing a maximum force needed to rotate the bar. The 
rotational stiffness must stay small and as an example a very low value of k"' = 4 7. 7 
Nm/rad. is taken. For steel this can give for example the following parameters: 
t=10 * 10-3 m, h = 1.5 * 10-3 mand Dh = 1.3 * 10-3 m. 

The hinge that enables the rotation <p, (figure 6) can be manufactured by drilling in holes 
from the bottorn and then milling in slots in the sides, as shown in figure 8. 

h 

Figure 8: bottorn view of clam support 
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The mechanism that clamps the length bar is made out of one piece to improve its 
rigidity. The beam will rotate around the elastic hinge on the right side, tigure 9 and 
deflect on the left side where two slots have been created. In this way the beam that 
clamps the length bar stays flexible while tightening the bold but is stiff in the length 
bar's longitudinal direction. Next the bold that presses the beam on the length bar is 
attached to a flexible end part of the beam. In this way the translation of the bold brings 
along a controllable pressure force. The bending ofthis beam 'y' in radians can be 
described as follows: 

12·T·L 
r= E·b·h 3 

Wh ere: 
T: The applied torque by the bold; 
L: The length of the bended beam; 
b: The width ofbeam; 
h: The hight of the beam; 

(17) 

The depth of the hole where in the bold goes can limit the translation of the bold. In this 
way the length bar will never be clamped too hard, ( or too soft). 
Furthermore to create true point cantacts the three contact surfaces of the clamp are all 
made cylindrical. 
In the bottorn of this clamp support two height adjustable supports are placed. In between 
these supports a slot is made. Within this slot a bold can be placed to attach the system to 
the worktabie but still be positionable, (in Y-direction). [9] 

<p-axis i 

'1'-axis 

A-A 
Figure 9: Drawings of damping support 
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The Rail 
Because length bars with severallengths are used and the length bar needs to be 
supported on its Airy points, the distance between the supports must be adjustable. The 
worktabie ofthe CMM hasn't got enough holes to fix the supports directly on the table 
for all the different positions so some kind of rail will be needed. Since only the distance 
between the supports needs to he variabie only one support needs to change its position. 
Because the length bars longitudinal position is the one that is most important it is chosen 
to attach the support with the clamp mechanism to the table (figure 9). 
The positions of the other support are known since the length bars vary a 100 mm in 
length from each other and the supports will he placed at 0.577 x L. These Airy points 
can he marked on the rail to enable fast changes. 
The rails geometry is triangular shaped with the two inclined planes under 45 degrees. 
The support that rests on the rail will he self-positioning on these inclined planes. The 
support will be clamped on the rail by pressing on the bottorn of the rail. This will he 
discussed further in the next paragraph 'The second support'. 
At the end of rail, (opposite ofthe support with the clamp), a single support carries this 
side ofthe rail. The height ofthis support is adjustable. This side does not need to be 
clamped since thermal expansion of the rail must he permitted. Further more the fixture 
system is already clamped on the opposite side, which already suppresses the fixture 
system from moving. 

The second support 
This support (figure 10), doesn't have to clamp the length bar since it must admit length 
changes due to temperature effects. This support must primarily support the length bar on 
the right place ( Airy points) and be stiff in the Z and Y direction. The contact points that 
support the length bar in these directions are also made cylindrical. This to obtain a good 
and stiff contact area. 

Figure 10: Drawings of adjustable support 
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The fixture to the rail is done with four spherical points that can slide over the rail. One 
point is placed against the bottorn of the rail by tightening the bold besides it. The other 
three contact points are placed against the inclined planes. Two on one side and one in the 
middle on the opposite si de, ( see figure 11). In this way the artachment of the support to 
the rail is stiff and without play. 

0 

Figure 11: Bottom view of contact points of support with rail 

Th ere are slots placed in the si des of the support for alignment purpose. The elastic 
hinges of the slots are placed under approximately 45 degrees with the center of the 
length bar. This is done to enable horizontal (Y) and vertical (Z) movements of the 
support. These translations result in two rotations of the length bar for alignment purpose. 

Alignment 
Since the length bar needs to be aligned with the laser, two ways of aligning the bar have 
been realized. Adjusting the supports that carry the fixture system ofthe worktabie is the 
first ( coarse) way of alignment. Since a length measurement accuracy of 0.1 J..Ul1 needs to 
be achieved a maximum alignment error can be calculated: 

aL= O.lpm; 

L 
cosa = ; 

L-0.1,um 

L = 0.60m =>a:::; 0.03° 

L = 0.10m =>a:::; 0.08° 

(18) 

Since these smallangles can not be made by hand, (as is done with the current fixture 
systems), a more precise adjustment system must be used. After the fixture system has 
been clamped to the table the fine adjustment can be done with the two bolds on "second 
support". By making these adjustments the length bar will rotate around theelastic hinges 
of the other support. Fora length bar of 0.6 ma movement of less than 0.35 mm must be 
realized. For the length bar of0.1 m the movement mustbesmaller than 0.14 mm. {13] 

§5. 3. 4 Recapitulation 

The present clamp-fixture-systems don't meet the required accuracy and controllability 
that is needed for these high accuracy demands. A new design is proposed where all these 
demands have been put together. To truly exclude position and damping errors within 0.1 
)liD this new designed fixture system is indispensable. 
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Chapter 6 Conclusions and recommendations 

An overview ofthe acting forces on a workpiece bas been given and their values for 
different sizes oflength bars have been calculated. For the Leitz pmm 866 CMM the 
prohing force will be the biggest acting force on the bar. The high probe force exists from 
the deflection ofthe elastic elementsin the probe head while prohing the length bar. lts 
magnitude will be in the order of0.65 N. All the dynamic forces acting on the length bar 
are in the longitudinal direction of the length bar. 

The present used fixture systems for length bars are analyzed and show that they fix the 
bar over-constrained or with an insecure, unrepeatable result in a lengthy way. There is 
also no accurate alignment mechanism which is indispensable with the required accuracy 
demands. For measurements with an accuracy in the 0.1 J.lm range, the current used 
fixture designs are clearly unsatisfactory .. A new statically determined fixture design is 
proposed based on a clamp with three contact points. These small clamp surfaces limit 
the hystereses and are designed to give a maximum of stiffness in the bars longitudal 
direction. Furthermore the fixture system bas the ability to align the length bar on the 
worktable. The alignment of the length bar is realized with the use of elastic binges for 
optimal stiffness and hystereses-free movements. This fixture system is designed tomeet 
the high accuracy demands that makes it an indispensable tooi. 
The clamp-fixture-system is especially designed for length bar fixing but bas a much 
broader working area for accurate fixing of cylindrical products in generaL 
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Appendix A.I Acceleration determination 

§A.I. I Setup of the experiment 

To find out what the magnitude is of the inertia forces it is necessary to do an experiment 
on the CMM. The goal ofthis experiment is todetermine what the biggest acting 
acceleration I deceleration is during the procedure ofmeasuring a length bar. Since this 
procedure is done in the same way, with the same parameters used for the C"M:M for 
every length bar measurement, the inertia force is predictable. 
The worktabie has only one degree of freedom and therefore only one setup has to be 
made. In this experiment a laserinterferometer has been used to measure the position of 
the worktabie in time. A reflector is attached on the worktabie and the laserinterferometer 
is placed parallel with the moving direction in front ofthe worktabie (figure 12). 

Fig. I 2: Setup for the 
laserinterferometer 

During the measurement different veloeities are used. For free movements a default value 
of 50 mm/s is used. When the probe passes the clearance distance (see tigure 13) it slows 
down until the velocity has become zero. After this the worktabie accelerates again to 50 
mmls but because ofthe short distance between clearance and offset point it will not 
reach this value. Next when the probe is almost at the workpiece and crosses the offset 
distance a velocity of0.3 mm/s is used. The default values used forthese distances with 
respect to the workpiece are: clearance distance: 10-20 mm; offset distance: 0.1 mm. 

~~~r---------+t-o_ffi_s-et----------------• 
clearance 

Measuring frequency 

Fig. I 3: Schematical/y representation of 
clearance and offset distance 

For this experiment a certain time interval between two measurements, delta T, must be 
chosen as it is not possible to measure constantly in time with a laserinterferometer. 
Because only the highest accelerations I decelerations are important and not the whole 
procedure, the time interval must be adapted to a period where an acceleration or 
deceleration occurs. The shortest period that occurs will determine the delta T. 
By doing once an experiment with the highest frequency (1000Hz) it can beseen how 
long the endurance of this period is. For example it can be seen in Appendix A.II.III that 
after reaching the clearance point with a velocity of 50 mm/s the worktabie strongly 



30 Acceleration determination 

decelerates. From the beginning of the deceleration up to reaching the point where the 
highest deceleration occurs is within 0.08 s. The interval between two measurements 
must therefore be smaller then the time between these two points. lt must also be avoided 
that one of these two points would be taken exactly halfway the deceleration. This would 
give only half ofthe deceleration that truly occurred. Furthermore it must be remembered 
that laserinterferometer measures the travel distance and calculates from here the 
acceleration. The slope between two measured distance points gives the velocity and 
again the same thing goes for the acceleration. By taking twice the derivative of the 
displacement, at least three points are needed to determine the acceleration. It is therefore 
chosen to use a time interval of0.01 s and in this way overcome the named problems. 

For this experiment five different situations have been analyzed. At first two different 
veloeities with two different travel distances have been chosen to see what their effect is 
on the magnitudes of the accelerations and decelerations. Finally the prohing procedure in 
total has been analyzed. 
• Travel di stance 1 Omm, velocity 1 Ommls 
• Travel distance 2Smm, velocity 1 Ommls 
• Travel distance SOmm, velocity SOmmis 
• Travel distance SOOmm, velocity SOmmis 
• Prohing procedure with starting velocity 10 mmls 

§A.ll/ Results and evaluation 

In Appendix A.II.I we can see that the acceleration gets to a maximum of approximately 
80 mmls2 and after having reached the velocity of 10 mmls again reaches zero. After this 
point a slight wave around zero can be distinguished. The controller that tries to stabilize 
the velocity of 10 mmls is probably causing this waving pattem. Close to 10 mm the 
worktabie is again decelerated with approximately 80 mmls2

• 

In Appendix A.II.II the same thing can be seen again but now for a longer travel distance. 
This experiment is done to check if the travel distance effects the acceleration I 
deceleration. Nevertheless Appendix A.II.II shows that the magnitude ofboth stay the 
same. What can be noticed is that a clear wave pattem can be seen around the velocity of 
10 mmls. This was already seen in Appendix A.II.I but this figure showsiteven clearer. 
Furthermore it can be seen that after having decelerated the table speeds up and slows 
down again to complete the di stance of 2S mm. 

In Appendix A.II.III the free travel velocity has been foliowed of SO mmls. The 
worktabie again accelerates with approximately 80 mmls2 but it can be clearly seen that 
the acceleration fluctuates. It almost reaches 80 mmls2 but it doesn't getto a constant 
level. After having almost completed the SO mm sarnething remarkable can be seen. To 
stop the table before passing by the SO mm a deceleration of more than 300 mm/s2 occurs. 
Different than the experiment with a velocity of 10 mmls the deceleration is here much 
bigger than the acceleration. This deceleration will cause a big inertia force on the length 
bar. 
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In Appendix A.II.IV the same velocity has been used to travel a distance of 500 mm. This 
for the same reason as mentioned above. Again no clear difference with respect to the 
shorter travel distance can be seen. 

Finally the prohing procedure in total is analyzed in tigure V. A starting velocity of 10 
mm!s is used and thereafter the table slows down for probing. The acceleration and 
deceleration from 10 mm!s are identical as in the situations where this velocity has been 
analyzed separately. Then after passing through the clearance point the worktabie 
accelerates again but directly decelerates when it passes through the offset point. From 
here the different phases ofthe probe deflection, as described in §3.2.1, can be 
distinguished. No high decelerations seem to appear in this phase. The probe slowly 
deflects and when the trigger force has been reached it stops. After approximate1y two 
seconds the probe slowly moves back until the probe comes free from the workpiece. 

§A./111 Recapitulation 

The highest acceleration from approximately 80 rnrnls2 seems to happen every time the 
worktabie has enough time to accelerate. This means for low veloeities that the 
acceleration time is too short and therefore can't getto its maximum. 
A reason for not exceeding the 80 rnrnls2 can be the lack of power ofthe electro-motor. 
The motor uses its maximum power to reach the velocity as described by the operator as 
soon as possible but is 1imited by its power. 
The highest inertia force however occurs when deceleration from high veloeities which in 
the case of length measurements is 50 mm!s. In this situation decelerations exteed 300 
mrn!s2 and is probably due to the activation of an extra brake-system that collects the 
kinetic-energy from the worktable. This deceleration will be causing the highest inertia 
force on the length-bar. 
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Appendix A.II.I Displacement, velocity and acceleration figures 
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Appendix A.IIII 
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Appendix A.II V 
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Appendix A.III.I Complete design of the Leitz probe system 

The measuring prObe sysrem 
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Appendix A.JII.JI Rea/isation of the parallel probe movement 

Oifferentialtransformer 

Control housing 

Fig. 14: Total systemfor parallel movement with 
measuring device 

HousJng 

Prftwy valllgl 
U(V) 

Sefutdllya 
liJ (V J 

Fig. 15: The inductive measuring 
system 

Fig. 16: Control housing with bending pin. 
Left side: front view, Right side: side view 
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correlation of Leitz probehead 

Fig. 18: Travel of probe in 
time for probe procedure 
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Fig. 19: Visualization of contact 
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Design 1 

Design 2 
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Present length bar tixtures 

Designs of the present length bar fixtures 

y~ 

L-250mm 

L-640mm 

-120° 
~ 

Fig. 20: upper: front view, bottorn: top view, Right: 
side view 

Fig. 21: upper:front view, bottorn left: left side view, 
bottorn right: right side view 
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